During human walking, step width is predicted by mediolateral motion of the pelvis, a relationship that 18
Introduction

34
In human walking, mediolateral motion of the pelvis during a step predicts step width at the end of the 35 step. This behavior has long been cited as important for ensuring mediolateral walking balance [1] , as a 36
"dynamically-appropriate step width" that accounts for pelvis motion would presumably be wide 37 enough to prevent a lateral loss of balance toward the stepping leg, but not so wide as to cause 38 excessive mediolateral velocities in the opposite direction during the next step. Indeed, larger 39 mediolateral pelvis displacements and velocities away from the stance foot have been linked to wider 40 steps, as recently reviewed by Bruijn and van Dieen [2] . This relationship can be mathematically 41 quantified using partial derivatives, regressions, or correlations [3-4], consistently revealing a significant 42 relationship between step width and pelvis motion throughout a step. 43
However, the existence of statistically significant correlations between pelvis motion and step width is 44 alone not sufficient to prove that this relationship is being actively controlled by the nervous system. 45 The passive dynamics of the body (e.g. segment inertial properties) likely play an important role, as 46 simply allowing the stance leg and torso to act as an inverted pendulum could contribute to the 47 observed relationship. Recent simulations have demonstrated that at least in the sagittal plane, passive 48 dynamics can produce significant correlations between pelvis motion and foot placement without need 49 for within-step active control [5] . This limitation of correlation-based methods has been widely 50 acknowledged [2-3, 6], and has motivated the use of other experimental methods to provide more 51 direct evidence for active control of step width. Namely, pelvis dynamics early in a step predicts the 52 magnitude of within-step swing phase hip abductor activity, which in turn predicts mediolateral foot 53 placement location [6] . A similar pattern of active control is seen with the application of mechanical 54
perturbations, as perturbations that increase the pelvis mediolateral displacement or velocity away from 55 the stance leg elicit increased swing phase hip abductor activity and more lateral foot placement [6] [7] [8] . 56 Sensory perturbations that create the perception of an altered mechanical state provide further 57 evidence for active control, as perturbations of either hip proprioception [9-10], vision [11] or vestibular 58 feedback [12] are followed by changes in foot placement location consistent with the previously 59 described mechanical principles [3] . 60
While substantial evidence indicates a role for active control in the step-by-step adjustments of step 61 width, it is presently unclear whether humans readily modulate this control to meet the demands of the 62 environment. As a step toward investigating potential changes in active control, we have developed a 63 novel elastic force-field able to push users' legs toward targeted step widths [13] . Walking in this force-64 field thus involves an additional contributor to the step-by-step relationship between pelvis motion and 65 step width, as schematically illustrated in Figure 1 . In our initial work, we found that controlling the 66 force-field to produce minimal mediolateral forces on users (Transparent mode) [13] had a negligible 67 effect on the relationship between pelvis motion and step width [14] . We also used the force-field to 68 "assist" participants toward a dynamically-appropriate step width, based on the step-by-step motion of 69 their pelvis. This assistive approach had the direct effect of increasing the strength of the relationship 70 between pelvis motion and step width, as quantified using the partial correlation between step width 71
and pelvis displacement at the start of the step (step start ρdisp) [14] . Conversely, we also used the force-72 field to "perturb" participants, decreasing the strength of the relationship between pelvis motion and 73 step width [14] . Ceasing assistance was followed by short-lived after-effects in which the link between 74 pelvis motion and step width was weakened, while ceasing perturbations caused after-effects in which 75
this link was strengthened [14] . 76
Extending our prior results, the purpose of the present study was to investigate changes in the within-77 step active control of step width upon repeated exposure to an altered mechanical environment 78 produced by our force-field. While the relationship between pelvis motion and step width can be 79 influenced by multiple factors (Fig. 1 We investigated changes in the step-by-step relationship between pelvis motion and step width that can 94 be attributed to altered active control, testing four specific hypotheses. First, we hypothesized that 95 upon initial exposure to an altered mechanical environment, the immediate direct effects of the force-96 field will decrease over time, as participants adjust their active control. Second, we hypothesized that 97 upon the initial removal of the altered mechanical environment, the magnitude of after-effects will 98 decrease toward the baseline level over time. Third, we hypothesized that repeated exposure to the 99 altered mechanical environment will reduce the direct effects produced by the force-field. Finally, we 100 hypothesized that with repeated exposure, the after-effects observed with removal of the force field will 101 decrease. Each of these hypotheses was tested for both force-field assistance and perturbations. As the 102 major focus of this study was changes in the within-step control of step width, our primary measure was 103 step start ρdisp, just as in our prior work [14] . Changes in this correlation would indicate that active 104 control of this within-step relationship has been altered. Secondarily, we quantified the partial 105 correlation between step width and pelvis displacement at the end of the step (step end ρdisp). This 106 metric quantifies the extent to which any within-step adjustments influence the relationship between 107 pelvis state and step width once the new base of support is established, as is likely important for 108 mediolateral balance [2] . Finally, our secondary analyses also included the more traditional gait metrics 109 of step width and step length. 110 111
Results
112
Gait changes during an initial Transparent trial. While the purpose of this study was to investigate gait 113 changes in response to an altered mechanical environment, we first performed a control comparison of 114 whether gait behavior changed over the course of a 5-minute Transparent trial (with minimal 115 mediolateral forces) before participants were exposed to either force-field assistance or perturbations. 116
The relationship between mediolateral pelvis motion and step width did not vary from early to late in 117 the first Transparent trial. Gait changes spanning three force-field exposures. For illustrative purposes, we here depict the changes 123 in each gait metric across three exposures to force-field assistance or perturbations, interspersed with 124 washout periods in Transparent mode. The clearest effects on step start ρdisp ( Fig. 2a ) and step end ρdisp 125 ( Fig. 2b) were observed during the periods in which assistance or perturbations were applied, with 126 assistance increasing and perturbations decreasing ρdisp. During the washout periods, the ρdisp metrics 127 returned toward their baseline level (dashed line), sometimes exhibiting overshoot beyond this value. In 128 general, step width tended to decrease over time ( Fig. 2c ), while step length increased (Fig. 2d ). The 129 increases in step width and decreases in step length relative to baseline were more apparent during the 130 periods with assistance than those with perturbations. 131
Direct effects during the first force-field exposure. Force-field assistance increased the strength of the 132 relationship between pelvis displacement and step width (ρdisp) throughout a step ( Fig. 3a ). Over the 133 duration of the first exposure to the assistance, step start ρdisp decreased significantly (p=0.015; Fig. 3b ), 134 while remaining higher than the baseline Transparent level. Conversely, we did not observe a significant 135 change in step end ρdisp (p=0.063; Fig. 3c ).
Step width did not change (p=0.13; Fig. 3d ) across the initial 136 exposure to force-field assistance, while step length increased significantly (p=0.002; Fig. 3e ). 137
Opposite to the effects observed with force-field assistance, perturbations weakened the relationship 138 between pelvis displacement and step width throughout a step ( Fig. 3f ). This decrease in step start ρdisp 139 did not change over the course of this initial trial (p=0.36; Fig. 3g ), while step end ρdisp increased 140 significantly closer to its baseline value (p=0.018; Fig. 3h ). Both step width (p<0.001; Fig. 3i ) and step 141 length (p=0.001; Fig. 3j ) changed significantly over the course of the perturbation trial, with step width 142 decreasing and step length increasing. 143
After-effects during the first washout period. Following the first exposure to force-field assistance, the 144 magnitude of ρdisp throughout the step did not vary from early to late in the subsequent washout period 145 ( Fig. 4a ). No significant differences were observed for step start ρdisp (p=0.14; Fig. 4b ) or step end ρdisp 146 (p=0.55; Fig. 4c ) between these time periods. However, step width decreased significantly (p=0.016; Fig.  147 4d) and step length increased significantly (p=0.012; Fig. 4e ) over this same period. 148
Over the course of the first washout period after force-field perturbations, ρdisp magnitude decreased 149 significantly toward its baseline value ( Fig. 4f ), as observed for step start ρdisp (p=0.030; Fig. 4g ) and step 150 end ρdisp (p=0.040; Fig. 4h ). For both of these metrics, ρdisp magnitude did not differ from the baseline 151
Transparent trial by late in the washout period.
Step width did not change (p=0.52; Fig. 4i ) from early to 152 late in the first washout trial, while step length increased significantly (p=0.009; Fig. 4j ). 153
Direct effects with repeated force-field exposure. Across all three exposures to force-field assistance, ρdisp 154 magnitude throughout the step remained elevated relative to its baseline value ( Fig. 5a ). No significant 155 differences were observed across these exposures in terms of direct effects on step start ρdisp (p=0.27; 156 Fig. 5b ) or step end ρdisp (p=0.96; Fig. 5c ).
Step width decreased significantly across these exposures 157 (p=0.009; Fig. 5d ), while step length did not change (p=0.56; Fig. 5e ). 158
Changes in the direct effects of repeated force-field exposure were more apparent with perturbations. 159
The ρdisp magnitude throughout the step was decreased relative to its baseline value for all exposures 160
but was closer to baseline during the second and third exposures ( Fig. 5f ). For both step start ρdisp 161 (p=0.044; Fig. 5g ) and step end ρdisp (p=0.030; Fig. 5h ), the direct effects of perturbations were 162 significantly smaller in later exposures. Repeated exposure also significantly influenced the direct effects 163 of perturbations on step width (p<0.001; Fig. 5i ) and step length (p<0.001; Fig. 5j ), as step width 164 decreased and step length increased in later exposures. 165
After-effects with repeated force-field exposure. The observed ρdisp magnitudes throughout the step 166
were similar during each of the washout periods following force-field assistance ( Fig. 6a ). No significant 167 differences were present between these washout periods in terms of step start ρdisp (p=0.58; Fig. 6b ) or 168 step end ρdisp (p=0.75; Fig. 6c ). Similarly, no significant differences were present between the washout 169 periods for step width (p=0.26; Fig. 6d ) or step length (p=0.56; Fig. 6e ). 170
During the washout periods following force-field perturbations, ρdisp magnitudes throughout the step 171 increased for later exposures (Fig. 6f ). Both step start ρdisp (p=0.042; Fig. 6g ) and step end ρdisp increased 172 significantly (p=0.014; Fig. 6h ) following later perturbation exposures.
Step width did not vary across 173 consecutive washout periods (p=0.17; Fig. 6i ), but step length increased significantly (p=0.017; Fig. 6j ) in 174 later washout periods. 175 176 Discussion 177 Exposure to a novel force-field caused changes in the step-by-step relationship between mediolateral 178 pelvis motion and step width. While both force-field assistance and perturbations had measurable 179 effects on this relationship, our hypotheses regarding altered active control within a consistent 180 mechanical context were only partially supported. In general, we observed stronger evidence for altered 181 active control in response to perturbations than in response to assistance. Both the positive direct 182 effects of assistance and the positive after-effects of perturbations were retained with repeated 183 exposure to the force-field, a finding of interest for the potential future application of these methods as 184 a clinical intervention. 185
While the present study was not a direct replication of our previous force-field experiments, the 186 changes in gait behavior observed upon initial exposure to assistive or perturbing forces were consistent 187 with our prior results. Specifically, we previously found that force-field assistance (across varied control 188 equations) directly strengthened the link between pelvis motion and step width, as quantified with ρdisp 189 at the start of the step [14] . Upon cessation of the assistance, we observed short-lived after-effects in 190 which step start ρdisp was decreased relative to baseline. In contrast, force-field perturbations weakened 191 the link between pelvis motion and step width, and caused subsequent short-lived positive after-effects 192
[14]. The same patterns of direct effects and after-effects on step start ρdisp were seen in the present 193 study upon the first exposure to assistance or perturbations. 194
Here, our focus was on changes in gait behavior across extended periods of walking while the force-field 195 remained in the same control mode (i.e. Transparent, Assistive, Perturbing Exposure to force-field assistance produced only weak evidence for changes in active control, with 207 qualitatively similar effects for step start ρdisp and step end ρdisp. Over the course of the first exposure to 208 assistance, ρdisp tended to decrease toward its baseline value, although this decrease did not reach 209 significance for step end ρdisp. The reduction in step start ρdisp may be a result of the assistance allowing 210 participants to safely exert less active control over this within-step relationship -a "slacking" 211 phenomenon previously observed with assistive robotic orthoses [24] . However, the hypothesized 212 changes in ρdisp during the first washout period and with repeated exposure to assistance were not 213 directly supported by our results. Across all three exposures, ρdisp remained elevated while assistance 214 was applied, and essentially returned to baseline when the assistance ended. The lack of large changes 215
in ρdisp across repeated bouts may be due to the assistive nature of the forces, as mechanical contexts 216 that challenge walking balance appear more likely to cause adjustments in active control than contexts 217 not perceived as challenging [25] . The present results also provide no evidence for changes in active 218
control that would cause the altered movement pattern (with increased ρdisp) to be retained once the 219 assistance ends, consistent with prior results in which force-fields were used to assist achievement of a 220 specific footpath trajectory during walking [19] [20] . 221 Force-field perturbations were often accompanied by changes in ρdisp indicative of altered active control. 222 The direct effect of perturbations was to weaken the link between pelvis displacement and step width; 223 however, this relationship tended to return toward its baseline level with extended or repeated periods 224 of exposure. Similar results have been observed with force-fields that perturb the footpath trajectory 225 during walking [20, 26] . While we did not observe a significant increase in step start ρdisp from early to 226 late in the first perturbation exposure, this may have simply been due to the relatively short (5-minute) 227
duration of this first exposure. Indeed, changes in gait kinematics during spit-belt walking can continue 228
to develop across five 15-minute exposures on consecutive days [23], suggesting that the adjustment of 229 active control may require an extensive period of time [27] . Speculatively, we attribute the gradual 230 reduction in the effects of force-field perturbations over repeated exposures to adjustments in the 231 active control used to resist these perturbations, which may otherwise increase the risk of a lateral loss 232 of balance. Changes in ρdisp during the initial washout period following perturbations provide further 233 evidence for altered active control, with such after-effects previously observed with other perturbing 234
force-fields [20, 26], and commonly cited as a strong indicator of changes in sensorimotor control [17] . 235
The relationship between pelvis displacement and step width was strengthened early in the first 236 washout period but returned to its baseline level -consistent with a return to the initial pattern of 237 active control. However, the changes in ρdisp during washout periods following repeated perturbation 238 exposures contradicted our hypothesis. Instead of observing decreased after-effects with repeated 239 exposure, step start ρdisp and step end ρdisp actually increased significantly. This unexpected result is 240 perhaps due to the fact that the altered active control during these washout periods produces a 241 stronger link between pelvis motion and step width, and thus is unlikely to have a negative effect on 242
balance that would drive further adjustments in active control. 243
Although step width and step length often varied both within and across walking trials, we are unable to 244 attribute these changes to the novel mechanical environments produced by the force-field. In general, 245
step width decreased and step length increased over time, changes observed even in the first 246 Transparent trial before assistive or perturbing forces were applied. We suspect that these general 247 trends are not due to the force-field itself, but instead reflect a gradual shift away from a 'cautious' gait 248 pattern with short, wide steps [28-31] as participants became accustomed to walking while interfaced 249 with the force-field. As most easily seen in Figure 2 , the clearest difference between the effects of the 250
Assistive and Perturbing modes was the wider and shorter steps used while perturbations were 251 delivered. This behavior is likely an example of a 'generalized anticipatory strategy' used by participants 252
to maintain their balance [32] in response to a context perceived as potentially destabilizing. 253
While the present results provide evidence for altered active control of step width when perturbed, a 254 limitation of this work is our inability to identify the underlying physiological mechanism. One possibility 255 is error-based sensorimotor adaptation, in which movement patterns gradually change in response to 256 new mechanical demands [33]. This adaptation is thought to be driven by sensory prediction errors [34], 257
as humans seek to reduce the difference between the predicted and sensed movement through a trial-258
and-error process. In the present work, force-field perturbations could conceivably increase the errors 259 between the intended and actual step width, causing participants to adjust the active muscle 260
contractions typically used to influence swing leg motion [6]. This altered active control could reduce the 261 observed effects of perturbations, as well as produce the tighter link between pelvis motion and step 262 width once the perturbations cease. Unfortunately, calculating our primary outcome measure (ρ disp) 263
requires numerous consecutive steps [4] , which prevents us from mimicking analytical approaches from 264 split-belt walking that quantify error-based adaptation using a small number of steps (or even single 265 steps A long-term goal of this line of research is to apply our force-field methods to clinical populations with 289 deficits in walking balance. We have previously observed that the step-by-step relationship between 290 pelvis displacement and step width is significantly weaker for paretic steps than for non-paretic steps 291 among chronic stroke survivors [39], who often have an increased fall risk [40] . Additionally, the links 292 between pelvis displacement, hip abductor activity, and mediolateral foot placement are weakened in 293 stroke survivors with clinically-identified balance deficits [41], providing evidence for altered active 294 within-step control. Paralleling the present results in neurologically-intact controls, future work will test 295 whether similar effects of force-field assistance and perturbations are observed in patients with a 296 reduced link between pelvis motion and step width. The potential to strengthen the link between pelvis 297 motion and step width may serve as a useful intervention for improving post-stroke walking balance. 298
Supporting the feasibility of this approach, repeated exposure to an altered mechanical environment 299 has proven successful in normalizing step length in neurologically-injured populations over extended 300 periods of time, whether using a split-belt walking paradigm [42] [43] or mechanical resistance of leg 301
swing [44] . 302
In conclusion, this study provides initial evidence for altered within-step active control of step width in 303 response to targeted force-field perturbations. With extended periods of exposure to these 304 perturbations, participants exhibited an increased ability to both resist the direct effects of the 305 perturbations and maintain the strengthened link between pelvis motion and step width once the 306 perturbations ceased. The apparent effects of force-field assistance on active control were more 307 modest; participants generally continued to "accept" the provided assistance with repeated exposure, 308 but did not exhibit positive after-effects once the assistance ceased. Future work is needed to 309 investigate the potential motor adaptation or learning mechanisms underlying these results, and to test 310 whether similar methods can produce beneficial effects in clinical populations with deficits in walking 311 balance. 312 313
Methods
314
Participants. This experiment involved 24 young, neurologically-intact participants who had not 315
previously interacted with the force-field. Participants were randomly assigned to either the Assistive 316 group (n=12; age = 22±1 yrs; height = 170±9 cm; mass = 70±13 kg; mean±s.d.) or the Perturbing group 317 (n=12; age = 23±1 yrs; height = 170±8 cm; mass = 65±13 kg; mean±s.d.). All participants provided written 318 informed consent using a document approved by the Medical University of South Carolina Institutional 319
Review Board, and consistent with the Declaration of Helsinki. 320
Force-field Design and Control. We used a custom-designed force-field to exert mediolateral forces on 321 participants' legs while walking. This force-field has previously been described in detail [13] and used to 322 both assist and perturb the relationship between mediolateral pelvis motion and step width [14] . Pairs 323 of linear actuators (UltraMotion; Cutchoge, NY, USA) positioned anterior and posterior to a treadmill 324 were used to rapidly adjust the mediolateral location of two steel wires running parallel to the treadmill 325 belts, and in series with extension springs. These wires passed through leg cuffs worn on the lateral 326 shank, which allowed free anteroposterior and vertical leg motion. Participants experienced 327 mediolateral leg forces that were proportional to the mediolateral displacement between the actuator 328 end point and the leg cuff [13]. The force-field's mediolateral stiffness (ratio between mediolateral force 329 and displacement) was 180 N/m, based on the results of a pilot study in which this stiffness was 330 sufficient to produce clear effects on step width (Appendix A). 331
Three force-field control modes were applied: Transparent, Assistive, and Perturbing. For all modes, 332
actuator positions were controlled based on the location of active LED markers (PhaseSpace; San  333 Leandro, CA, USA) on the sacrum, heels, and/or leg cuffs. The sacrum marker was used to estimate 334 mediolateral pelvis location, a simplification previously found to have minimal effects on our 335
calculations [4] . In Transparent mode, each actuator followed the mediolateral motion of the 336 corresponding leg cuff, minimizing the resultant mediolateral leg forces. In both the Assistive and 337
Perturbing modes, we first used the mediolateral displacement of the pelvis from the stance heel at the 338 start of each step to predict a dynamically-appropriate step width. For example, if a right step began 339 with the pelvis located relatively far to the right of the left stance heel, we would predict that the 340 upcoming step should be relatively wide. This prediction was based on previously collected empirical 341
data quantifying the step-by-step relationship between pelvis displacement and step width [4]. In the 342
Assistive mode, we positioned the actuators to push the swing leg toward the predicted dynamically-343 appropriate step width. This was done using the following equation, in which SW represents the 344 predicted step width, x pelvis represents the mediolateral displacement of the pelvis from the stance heel 345
at the start of the step, and SWmean represents the participant's mean step width: 346 SW = 1.12*xpelvis + 0.47*SWmean 347
Conversely, in the Perturbing mode, we positioned the actuators to push the swing leg away from the 348 predicted step width (e.g. to encourage a narrow step when a wide step would be dynamically 349 appropriate). This was accomplished using the following equation: 350 SW = -1.12*xpelvis + 1.53*SWmean 351
The effects of these force-field control equations were first investigated in our prior work [ the force-field was in Assistive mode for the first 5-minutes and Transparent mode for the final 5-363 minutes as a washout period. Participants in the Perturbing group performed three corresponding 10-364 minute trials in which the force-field was in Perturbing mode for the first 5-minutes and Transparent 365 mode for the final 5-minutes, again as a washout period. 366
Data Collection and Processing. Active LED marker locations were sampled at 120 Hz and low-pass 367 filtered at 10 Hz. We defined each step start as the time point when the ipsilateral heel velocity changed 368 from posterior to anterior [45] . The step end was defined as the time point when the contralateral heel 369 velocity changed from posterior to anterior. Throughout each step, we quantified the mediolateral 370 displacement of the pelvis relative to the stance heel, as well as the mediolateral pelvis velocity.
Step 371 width was defined as the mediolateral displacement between the ipsilateral heel marker at the step end 372 and the contralateral heel marker at the step start.
Step length was calculated as the difference 373 between the anterior position of the ipsilateral heel at the step end and the anterior position of the 374 contralateral heel at the previous step end, accounting for treadmill speed. 375
Each 5-minute walking period within a given force-field mode was divided into five "bins" for the steps 376 taken with each leg: steps for multiple comparisons) to detect significant differences between individual conditions. 417 foot. This relationship can be influenced by frontal plane passive body dynamics, as the swing leg could 537 act as a pendulum, and the stance leg as an inverted pendulum. Active muscular control can also 538 contribute to this relationship, for instance by using the swing leg hip abductors to influence swing leg 539 position, and the stance leg hip abductors to influence motion of the pelvis relative to the stance leg. In 540 the present study, our force-field is an additional contributor to this relationship, as it can be used to 541 influence step width based on pelvis displacement at the start of the step. 542 force-field assistance, in terms of ρdisp magnitude throughout the step (a) and our four gait outcome 552 measures (b-e). The bottom row (f-j) follows the same structure to illustrate the direct effects of force-553 field perturbations. In panels (a) and (f), the shaded area indicates the 95% confidence interval for the 554 initial Transparent trial, while confidence intervals are not shown for the experimental conditions to 555 avoid extensive overlap. For the remaining panels, data are presented as the difference from the initial 556 Transparent trial. Data points indicate means and error bars indicate 95% confidence intervals. Asterisks 557 (*) indicate a significant difference between the indicated early and late periods. Pound signs (#) 558 indicate a significant difference from the initial Transparent trial, with the 95% confidence interval not 559
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